Observers, searching for targets among distractor items, guide attention with a mix of top-down information-based on observers' knowledge-and bottom-up information-stimulus-based and largely independent of that knowledge. There are 2 types of top-down guidance: explicit information (e.g., verbal description) and implicit priming by preceding targets (top-down because it implies knowledge of previous searches). Experiments 1 and 2 separate bottom-up and top-down contributions to singleton search. Experiment 3 shows that priming effects are based more strongly on target than on distractor identity. Experiments 4 and 5 show that more difficult search for one type of target (color) can impair search for other types (size, orientation). Experiment 6 shows that priming guides attention and does not just modulate response.
When you look at Figure 1 , your attention is probably attracted to the spiky diamond. It is a salient item, and, all else being equal, salient items that are different from their neighbors tend to attract attention (Egeth, 1977; Julesz, 1986; Moraglia, 1989) . The information that guided your attention to that item can be labeled as bottom-up-meaning that it did not depend on the observer's knowledge of the stimulus. The stimulus itself provides the guidance.
If you are now asked to find the white vertical lines, you can do this with no particular difficulty. The stimuli did not change when you performed the second task. Instead, you changed your mind in response to the suggestion that you look for white verticals. You can find white verticals by guiding your attention to the intersection of the set of white items and the set of vertical items (Wolfe, Cave, & Franzel, 1989) . The information that guided your attention in this case can be labeled top-down-meaning that it depended on the observer's knowledge. The white verticals would not have attracted attention in the same way without that knowledge (though there is evidence that the white vertical lines actually become more salient if you are looking for them ; Blaser, Sperling, & Lu, 1999) .
Top-down information can come in several other forms. Position information can be used to guide attention. Instead of being told explicitly that the target is white and vertical, the observer might be told that the target is the item in the upper left corner. Implicit information can also be considered a form of top-down information. Nakayama (1994, 1996) showed that attention was more swiftly deployed to a red item if recent target items had also been red. They dubbed this priming of pop-out (see also Kristjansson, Wang, & Nakayama, 2002) . Because it relies on what the observer has learned about the prior trials and does not rely solely on the state of the stimulus, we consider this to be a form of implicit top-down guidance. The positional analogue of priming of pop-out is the contextual cuing effect studied by Chun and Jiang (1998) . If observers see the same random scene multiple times and if the target is always in the same location in that scene, they learn to direct attention to that location more efficiently even if they never explicitly realize that they are seeing the same stimulus on different trials. As with priming, because this effect relies on the observer's implicit knowledge, it can be considered a form of top-down guidance. The purpose of this article is to examine the contributions of top-down and bottom-up guidance in some of the simplest of visual search tasks-search for a salient singleton target in a homogeneous array of distractors. Previous work, reviewed later in this article, has examined the role of bottom-up guidance, but under conditions in which observers have still had substantial top-down knowledge about target features (e.g., red) or feature dimensions (e.g., color). In this article, we substantially reduce that top-down knowledge. It cannot be fully eliminated except in a hypothetical study in which observers are asked to search for something among something else and those things change on every trial. By reducing explicit top-down information, we can more closely examine the role of priming and defend our description of priming as an implicit form of top-down guidance.
The visual system requires attention and guidance of that attention because the eyes provide the central nervous system with more information than it can process. It is simply not possible to look at the world and recognize all of the objects and understand their relationships simultaneously (Tsotsos, 1987) . Selective attention is part of the solution to that problem. Attention to a location or object allows processing resources to be selectively devoted to part of the input rather than ineffectually dispersed across the entire scene (Pashler, 1997 (Pashler, , 1998 . Visual search experiments have been a productive method for studying attentional selection (reviewed in Wolfe, 1998) . In a typical search experiment, observers look for a target item among a variable number of distractor items. If there are multiple items in a search display, how is one selected for processing at any given moment? As noted, selection is based on a combination of bottom-up, stimulus-driven salience (e.g., Braun, 1994; Itti & Koch, 2000; Nothdurft, 2000) and top-down information about the properties of the target (e.g., Folk, Remington, & Johnston, 1992) .
In this article, we look at the contributions of top-down and bottom-up processes to the simplest visual searches-searches for a single, salient target among homogeneous distractors. There is a limited set of basic preattentive features (Treisman, 1986b; Treisman & Gelade, 1980 ) that can provide top-down and bottom-up guidance of selection-perhaps a dozen in all (Wolfe, 1998) . These include obvious properties, such as size, color (Duncan, 1989; Green & Anderson, 1956; Nagy & Sanchez, 1990) , and orientation (Bergen & Julesz, 1983; Foster & Ward, 1991b; Moraglia, 1989) , and less obvious properties, such as surface reflectance (Sun & Perona, 1996) and a variety of cues to 3-D layout (Enns & Rensink, 1990a , 1990b . Other seemingly salient features, such as faces, do not guide attention (Nothdurft, 1993) .
In a typical visual search task, observers search for a target among distractors. The number of distractors (the set size) is varied, and the measures of interest are the reaction time (RT), the slope of the RT ϫ Set Size function, and accuracy. For the simple feature searches that are the subject of this article, the number of distractors is virtually irrelevant (Egeth, Jonides, & Wall, 1972; Neisser, 1963) . Observers find that the target simply pops out of the display (Bergen & Adelson, 1988; Neisser, 1963; Treisman, 1986a) . These are often referred to as parallel search tasks because observers behave as if they can process all items in parallel across the entire display. One can argue about whether these searches are completely parallel or require serial attention to a target item after parallel selection of a possible target (Braun & Sagi, 1990; Joseph, Chun, & Nakayama, 1997; Wolfe, 1997) . However, regardless of one's theoretical stance, these simple feature searches are among the fastest, most efficient, and most accurate of visual searches.
As noted, the target in a typical feature search could be selected from the distractors with the help of either top-down or bottom-up information. Consider a search for a red target among green distractors. Because the observer knows that the target is red, he or she could guide attention toward red items (or away from items that are not red; Friedman-Hill & Wolfe, 1995) . That is explicit top-down guidance. The previous targets have also been red. The history of prior red targets provides implicit top-down priming for subsequent red targets. Finally, the observer could deploy attention to the most salient item in the display. This is bottom-up guidance, requiring no implicit or explicit prior knowledge of target identity. Given a strong difference between the target and distractors, either top-down or bottom-up guidance should be adequate to direct attention to the target before it is deployed to any distractor. The sources of guidance are redundant in this case.
This redundancy raises a question: In the simplest of feature searches, is the response driven by the top-down information, the bottom-up information, or both? An obvious approach to this question is to independently manipulate the top-down and bottom-up components. This is not as easy as it might sound. There are at least two ways to reduce bottom-up salience in a simple feature search. One can reduce the salience of targets by reducing the difference between target and distractors, or one can increase the salience of distractors by reducing the similarity between distractors (Duncan & Humphreys, 1989) . If one reduces target-distractor differences far enough, efficient feature search will be replaced by inefficient search (Foster & Ward, 1991a; Nagy & Sanchez, 1990) . However, at that point, it could be that top-down guidance can no longer differentiate between target and distractor. Top-down guidance appears to be fairly crude and categorical (e.g., specifying a category such as steep, not a measure such as 37°to the left; Wolfe, Friedman-Hill, Stewart, & O'Connell, 1992) . Similarly, increasing the heterogeneity of the distractors might reduce bottom-up salience of a target, but it also makes top-down specification of the target more difficult (in the orientation domain, see Wolfe et al., 1992) . Thus, it is hard to minimize bottom-up information without compromising top-down information at the same time. In the color domain, Duncan (1989) did demonstrate that efficient search for a color could be maintained with heterogeneously colored distractors. This experiment may be the best evidence for efficient guidance of attention by purely top-down information in a simple feature search.
Evidence for relatively pure top-down guidance is easier to find in conjunction search. Consider a search for a red, vertical item among distractors, half of which are green and vertical, and half of which are red and horizontal. The local feature contrasts that constitute the bottom-up salience of each item are not useful in the search for a conjunction. It is top-down guidance that can point attention to the intersection of the set of red items and the set of vertical (or steep) items (Wolfe, 1994 (Wolfe, , 2001 Wolfe et al., 1989) . The ability to search very efficiently for some conjunctions suggests that top-down guidance is effective in the absence of useful Figure 1 . The spiky diamond attracts attention because it is salient, but it is easy to guide attention to other items as a task might demand (e.g., "Find white verticals").
bottom-up information (Nakayama & Silverman, 1986; Quinlan & Humphreys, 1987; Theeuwes & Kooi, 1994) . Kristjansson et al. (2002) demonstrated the role of implicit top-down priming in conjunction search. Observers are faster to find a red, vertical target if the previous target was a red vertical than if it had been a green horizontal. It is intuitively clear that priming does not account for all of the guidance in conjunction search. If you are told to look for a small, fuzzy, blue ball, it is obvious that you can guide your attention in a nonrandom fashion. At the very least, you will restrict your attention toward blue things. However, it does appear that implicit priming is needed to guide attention with peak efficiency (Hyle, Vasan, Butcher, & Wolfe, 2002) .
To examine the effects of bottom-up guidance in isolation, it is necessary to have the targets and distractors vary from trial to trial (inconsistent mapping is an example; . This can reduce both explicit topdown information and implicit priming. In studies of simple feature search, strategies for varying targets across trials have generally taken one of two forms. As a labeling convention in this article, consider a singleton target to have a specific feature value (e.g., red or vertical) in a particular dimension (e.g., color or orientation). Investigators have tended to vary either the dimension of the target or features within a dimension but not both. As an example of dimensional uncertainty, consider Egeth's (1977) experiment. He presented observers with small, black disks. The target could be red or big. This experiment could be run in blocks in which the target was red (or big) for the entire session, or the same trials could be presented in a mixed condition in which the observer was uncertain about the dimension of the target but knew the specific feature in each dimension. In principle, in this dimensional uncertainty condition, observers could have a top-down set for red and for big. Egeth (1977, p. 300, Figure 3) reported that search was efficient in the mixed and blocked conditions but that there was an approximately 50-ms cost in the mixed condition. Similar results have been reported by Treisman (1988) and by Muller, Heller, and Ziegler (1995) . The cost in Treisman's study was closer to 100 ms.
Featural uncertainty has been examined in several studies. For example, Bravo and Nakayama (1992) had observers name an attribute of a color singleton target. The observers had to specify which side of the diamond-shaped target was cut off. The target could be consistently red (or green), or it could be unpredictably red or green from trial to trial. The distractors were always of the other color. In this case, observers could not have a specific top-down setting for a feature, as the feature red might be a target feature on one trial and a distractor feature on the next. Observers could have a top-down setting for color, allowing them to monitor one dimension and ignore others. As in the dimensional uncertainty case, there is a cost in the mixed condition relative to the blocked condition. In addition to an overall RT cost, tasks like the Bravo and Nakayama task often produce RT ϫ Set Size functions with negative slopes, especially if small set sizes are used. This can be seen as a form of density effect. If you have only 3 items, the 1 red item is only slightly more salient than the 2 green ones. If you have 20 items, the 1 red item is different from all other items, whereas a green item would be different from only 1 item. It would be similar to the great majority of its neighbors. As a result, in a mixed condition, it appears that attention is summoned to the odd colored item in the big set size display more rapidly than in the small set size display. In a blocked condition, this effect is not seen because of the addition of top-down guidance to red. Featural uncertainty produced a cost of 25-100 ms in several studies (Maljkovic & Nakayama, 1994 Treisman, 1988) . Hodsoll and Humphreys (2001) obtained a much bigger cost (more than 200 ms) using feature uncertainty in the size dimension. Muller and his colleagues (Muller et al., 1995) , in contrast, reported conditions under which there is no cost of feature uncertainty. In these cases, the critical difference seems to be that the target feature never becomes a distractor feature. Thus, targets might be randomly blue or red, but the distractors remain consistently white.
In addition to residual, explicit top-down knowledge, the feature and dimensional uncertainty experiments involve implicit topdown priming. That is, the identity of the target on trial N primes the observer to respond more quickly to that target if it appears on trial N ϩ 1. This has been studied extensively for priming within a dimension such as color (Goolsby & Suzuki, in press; Hillstrom, 2000; Maljkovic & Nakayama, 1994 Zelinsky, 2001 ). Found and Muller (1996) observed priming in mixed dimension experiments.
It is interesting that no one seems to have tried to reduce explicit top-down information still further by combining featural and dimensional uncertainty in a single experiment. Observers have known either the dimension of interest or the specific features of interest. Found and Muller (1996) performed an experiment in which the target could be red or blue and tilted left or right. However, the distractors were always white and vertical, which potentially allowed observers to set themselves for red, blue, and tilted (or left and right). Yantis and Egeth (1999) used four dimensions but, again, only a single target value on each. In this article, we present results from a series of experiments that do not permit observers to get set for a specific dimension or a specific feature because the target attribute on one trial can be a distractor on the next. This increased uncertainty increases RTs but does not reduce search efficiency. Bottom-up guidance is adequate to perform the task, but not as quickly as combined bottom-up and top-down guidance. In Experiment 1, we show that uncertainty about feature and dimension slows mean RT more than do either feature or dimension uncertainty alone. In Experiment 2, we extend this result to uncertainty in three dimensions (color, size, and orientation). As noted, strings of similar searches reduce uncertainty, as each trial primes the next. Experiment 3 demonstrates that information about target identity, not about distractor identity, produces the bulk of this uncertainty-reducing priming. Experiments 4 and 5 show that increasing the difficulty of search in one dimension (color) slows search in the orthogonal dimension (size and/or orientation). Finally, Experiment 6 shows that these results are not simply a by-product of response priming. They can be understood in the context of a model in which preattentive guidance of attention is essentially a form of signal detection and in which RT for pop-out stimuli is related to the signal to noise (S/N) ratio.
Experiment 1: Top-Down Versus Bottom-Up Contributions to Simple Feature Search
As noted earlier, various researchers have examined the effects of introducing uncertainty about the dimension (e.g., color, orien-tation) or the feature (e.g., red, green) of the target on simple feature search. These experiments leave observers with substantial top-down information available. In the dimension uncertainty experiments, observers know the specific features on each dimension (e.g., if color, then red), whereas in the feature uncertainty experiments, they know the relevant dimension (e.g., color). These experiments may also provide information about distractor identity, because the distractors typically remain constant across trials. For instance, in Experiment 1 of Found and Muller (1996) , the distractors were always white and vertical. Consequently, a distractor feature would not become a target feature on another trial. Note that there is nothing wrong with these previous experiments. We simply wish to examine situations in which there is less potential top-down information.
Method
In an effort to better isolate the bottom-up component and minimize top-down information, we use a fully mixed condition in which both the target dimension and the target feature were uncertain from trial to trial. Figure 2 shows 8 of the 10 types of target-present displays used in this condition.
If these eight trial types are randomly intermixed, it is impossible for the observer to predict whether the target will be red, green, vertical, or horizontal. Thus, the observer is uncertain about both the dimension and the feature. Moreover, items that were targets on one trial can appear as distractors on another. This does not remove all top-down information. For instance, the observers know that the target will not be blue or curved, and, more generally, they know that they are performing a visual search task. However, this method does provide less top-down information than has been the case in previous experiments.
Stimuli. Stimuli were vertical or horizontal lines that were 3.2°ϫ 0.9°i n their long and short dimensions. Lines could be red (CIE: x ϭ .630, y ϭ .375; luminance ϭ 4.46 cd/m 2 ) or green (CIE: x ϭ .300, y ϭ .600; luminance ϭ 13.0 cd/m 2 ). The total display area was 22.5°ϫ 22.5°at the 57.4-cm viewing distance. It was divided into a 5 ϫ 5 array of 4.5°ϫ 4.5°c ells, and the items were displayed in randomly jiggled positions in those cells. There were four set sizes: 3, 6, 12, and 18 items. On 50% of trials, 1 of these items was the target.
Stimuli were presented until observers made a response. Feedback was provided for 500 ms after each trial. There was a 500-ms pause between the feedback and the start of the next trial.
Conditions. Each subject was tested on seven conditions. Table 1 shows the target-distractor pairs for each condition as well as the target definition given to the subject and the number of trials run in the condition. Blocked red and blocked vertical conditions are simple feature searches in which the target is defined by a single, consistent attribute. The blocked red vertical condition is also a simple feature search, but the target is unique in both color and orientation. The mixed color and mixed orientation conditions are replications of previous studies of feature uncertainty in that the subject knows the dimension but not the feature within the dimension. Target features on one trial can be distractor features on the next. The mixed dimension condition is a near replication of previous studies of dimensional uncertainty. The target can be red or vertical. Distractors are always green and horizontal. The novel aspect of this version of the mixed dimension condition is the inclusion of red, vertical targets that differed from the distractors on both dimensions. We were curious to see whether the redundancy of color and orientation would speed search (see Krummenacher, Muller, & Heller, 2001) .
Finally, in the fully mixed condition, the target could be red, green, vertical, or horizontal. Additionally, the target could differ from the distractors on both dimensions (red vertical among green horizontals or vice versa). As in the mixed dimension condition, we were curious about the effects of redundancy.
Observers were tested in blocks of 400 trials preceded by 20 practice trials. They were tested for three of these blocks in the mixed dimension condition and six blocks in the fully mixed condition to provide an adequate number of trials with each target type to permit meaningful comparisons across conditions. Order of blocks was pseudorandom, with different observers tested in different orders.
Observers. Ten observers, ages 18 to 55, were tested. All had acuity of at least 20/25 with correction, and all passed the Ishihara color screen. All gave informed consent and were paid for their time. All observers were naive as to the purposes of the experiment. Observers were each tested over a period of several days, as 5,600 trials of visual search is somewhat wearing, even for trivial searches of the sort done here.
Results
This data set permits a vast array of potential analyses. Although we concentrate on those analyses that are central to the concerns of this article, we are happy to share the full data set with others on request.
RTs greater than 1,500 ms were coded as errors. This amounted to less than 1% of trials. Figure 3 shows mean RTs for the blocked, mixed feature, mixed dimension, and fully mixed conditions. For purposes of comparison, data are shown for red, vertical, and red vertical conditions. Thus, the only fully mixed trials that are averaged in the Red panel of the figure are those that are physically identical to the trials in the other conditions shown in that panelthose with red targets. Only top-down guidance varies among conditions. Vertical target trials from the fully mixed condition are shown in the second panel, and red vertical target trials are shown in the final panel. Note that target-absent trials do not permit these comparisons. For example, in the fully mixed condition, if the distractors are green and horizontal, the absent target might have been red, vertical, or both.
The overall pattern of results is similar for all three target types. The blocked condition, with full top-down information, is the fastest. The fully mixed condition, which has the least top-down information, is the slowest. Uncertainty about the relevant feature (mixed feature) appears to slow search more than does uncertainty about the relevant dimension (mixed dimension). For the red targets, the main effect of condition is significant, F(3, 27) ϭ 11.9, Figure 2 . A subset of the target-present stimuli for the mixed condition of Experiment 1. Only the vertical distractor cases are shown here. A matching set of horizontal distractor trials were included, as were the appropriate target-absent trials. Filled ϭ green; outline ϭ red; ORIENT. ϭ orientation.
p Ͻ .001. The effect of set size is modestly significant, F(3, 27) ϭ 3.8, p ϭ .022. There is no significant interaction of set size and condition, F(9, 81) ϭ 1.6, p Ͼ .1, indicating that the slope of the RT ϫ Set Size function does not vary significantly across conditions.
Results for the vertical targets are similar. The main effect of condition is significant, F(3, 27) ϭ 14.6, p Ͻ .001. The effect of set size is modestly significant, F(3, 27) ϭ 6.4, p ϭ .02. In this case, there is a significant interaction of set size and condition, F(9, 81) ϭ 2.8, p ϭ .011. This is driven largely by the negative slope of the mixed feature condition. Such negative slopes probably reflect an increase in bottom-up salience with increasing set size and stimulus density. As noted above, such effects have been seen previously under similar circumstances (e.g., Bravo & Nakayama, 1992) .
The red vertical targets show the same main effect of condition, F(2, 18) ϭ 13.0, p Ͻ .003, but no reliable effect of set size, F(2, 18) ϭ 2.0, p Ͼ .1, and no interaction, F(6, 54) ϭ 1.2, p Ͼ .3.
To examine the difference between pairs of conditions, we obtained average RTs for blocked, mixed feature, mixed dimension, and fully mixed conditions, combining data from red and vertical target trials and from all four set sizes. Paired t tests showed all comparisons to be significant. The difference between mixed feature and fully mixed conditions was significant at .05, but because this is not corrected for multiple comparison, this difference should be considered marginal. All other comparisons yield significance levels of .002.
The two primary conclusions from Experiment 1 are as follows:
1. Top-down information makes a substantial contribution to RT even for the simplest of feature searches. Fully mixed RTs are about 80 ms slower than are blocked RTs. Mixed feature RTs are about 65 ms slower than are blocked RTs, whereas mixed dimension are about 35 ms slower. The mixed feature and dimension results are comparable to previously published results.
2. Although the fully mixed condition provides relatively little top-down information and produces a slowed search, that search remains efficient. This suggests that bottom-up stimulus saliency is sufficient to support efficient search. That is not to say that top-down information plays no role here. Phenomena such as inattentional blindness (Mack & Rock, 1998) suggest that some topdown mental set (e.g., "I am doing a visual search task") may be necessary, even in this case. In the absence of that set, Mack and Rock's observers failed to report very salient pop-out stimuli. RV-GV, RH-GH, GV-RV, GH-RH Odd item 2,400 RV-RH, GV-GH, RH-RV, GH-GV RV-GH, GH-RV Note. R ϭ red; V ϭ vertical; G ϭ green; H ϭ horizontal; Vert ϭ vertical; hor ϭ horizontal. Are observers faster to find a target that is unique in two dimensions compared with targets that are unique in only one? Looking at Figure 3 , we see that the search for red is somewhat faster than search for vertical. Is the search for red vertical faster than the search for red? The results from the blocked, mixed dimension, and fully mixed conditions show that there is a significant effect of target type (red vs. red vertical), F(1, 9) ϭ 29.8, p ϭ .0004. There is also a significant interaction of target type with condition, F(2, 18) ϭ 11.9, p ϭ .0005. Looking at individual conditions, we see that the red vertical targets were faster for the mixed dimension and fully mixed conditions, F(1, 9) Ͼ 10.0, p Ͻ .02, but not for the blocked conditions, F(1, 9) ϭ 0.0, p Ͼ .9. Apparently, additional top-down information can play a role, but the difference between the bottom-up salience of a unique red and a unique red vertical item is not sufficient to alter RT.
RT ϫ Set Size functions from all conditions of the mixed color, mixed orientation, mixed dimension, and fully mixed conditions are shown in Figure 4 . A few points are worth noting. The mixed orientation condition produces consistently negative slopes (Bravo & Nakayama, 1992) . Mixed color is generally faster than mixed orientation, with mixed dimension somewhat faster still. In the full mixed data, too, the orientation singletons produce the slowest responses. Target-absent trials are unremarkable, though it is somewhat unusual to see absent RTs that are faster than present RTs, as in the fully mixed condition. This may reflect an ability to respond to the homogeneous group of distractors as a group (Friedman-Hill & Wolfe, 1995; Grossberg, Mingolla, & Ross, 1994; Treisman, 1982) .
Error rates were low, averaging no more than 2.9% in any condition. Errors varied with mean RT, suggesting no speedaccuracy trade-off in these data. Table 2 shows average error as a function of set size. 
Discussion
Experiment 1 replicates and extends the prior findings on the roles of top-down and bottom-up information in simple feature search. We reproduce the costs of uncertainty about the relevant dimension and about the relevant feature within that dimension. The fully mixed condition produces the slowest RTs of any of the conditions in this experiment. However, this condition shows for the first time that efficient search is still possible when (a) observers know neither the feature nor the dimension and (b) the target attribute on one trial can be the distractor attribute on the next.
What is the mechanism by which uncertainty effects visual search? Our guided search model (Wolfe, 1994; Wolfe et al., 1989) argues that attention is directed to the item with the most activation in a cross-dimensional activation map (essentially the same as Treisman's, 1988 , master map and closely related to Itti and Koch's, 2000, salience map) . In guided search, the activation map is the weighted average of activity from different dimensions. We propose that the trial history changes the weights so that a red target on trial N increases the weights for color and/or red on trial N ϩ 1. Thus, in a blocked red condition, the weights would be set strongly for red targets, whereas those weights would be set less effectively in a fully mixed condition.
This weight setting should appear in the data as priming. To test for priming, it is necessary to have pairs of target-present trials that have the same target. Because target presence and target identity vary randomly, there are relatively few trials for a priming analysis. Nevertheless, there are reliable priming effects in these data, as shown in Table 3 .
Limited weight should be placed on these limited data. However, priming effects are on the order of 10 -35 ms. This is smaller than the difference between mixed and blocked conditions, which suggests that priming does not account for the entire effect of uncertainty. Later experiments are designed to look more effectively at this priming.
Muller and his colleagues (Found & Muller, 1996; Muller et al., 1995) offered a similar theory to account for the difference between mixed and blocked results in their experiments. They have argued for a dimension weighting account in which a change in dimension has a large effect on weights, compared with a small or negligible change in weight following a change in feature. This specific conjecture is not strongly supported by the results of the mixed feature and mixed dimension conditions of our Experiment 1, in which the effects of changing feature were greater than the effects of changing dimension. The critical difference seems to be the nature of the feature change. In the Muller et al. experiments, a target feature on trial N never became a distractor feature on trial N ϩ 1. In Experiment 1, when the feature changed, the target feature always became the distractor feature. Perhaps it is possible to maintain a weight for more than one feature in a dimension (e.g., red and green) as long as those target features never become distractors.
Experiment 1a: Constant Distractors

Method
To assess this possibility, we actually included one further condition in Experiment 1. This was a constant distractor version of the mixed orientation condition in which the orientation of the distractors was always horizontal. The targets could be vertical or 45°oblique. Color of the items varied irrelevantly between red and green from trial to trial. In all other respects, this condition was identical to the other conditions of Experiment 1.
Results and Discussion
The mean RT results are shown in Figure 5 for vertical targets only because it is the vertical target conditions that are comparable across all conditions. Mean RTs for oblique targets in the constant distractor condition are faster than those for vertical targets. The data presented are averaged across trials in which the target is a vertical line, and the distractors are homogeneous and horizontal. As seen in Figure 5 , the constant distractor results are similar to the results reported by Muller et al. (1995) . There is a small, statistically insignificant difference between blocked and constant distractor conditions, t(9) ϭ 1.4, p ϭ .18. There is a significant difference between mixed feature and constant distractor conditions, t(9) ϭ 3.4, p ϭ .009. This result suggests that observers can maintain weights for two orientations at the same time.
The remaining experiments in this article explore the nature of the difference between the blocked conditions and the mixed conditions. Experiment 2 demonstrates that increasing overall uncertainty increases the RT penalty. In Experiment 3, we examine the transition from uncertainty to certainty. We find that repetition of targets primes subsequent search, speeding RT to a much greater degree than does repetition of distractors. Finally, in Experiments 4 and 5 we show that reducing the salience in one dimension interferes with search in other dimensions.
Experiment 2: Mixed Versus Blocked Feature Search With Three Features
Method
Experiment 2 is similar to Experiment 1, with the addition of a third dimension, size. Only fully mixed and blocked conditions were run. Targets could be red, green, big (3.2°ϫ 0.9°), small (2.1°ϫ 0.3°), vertical, and horizontal. The features of the target item for the two irrelevant dimensions could vary randomly. This meant that for each target feature (e.g., red), there were four possible target stimuli (e.g., big red vertical, small red vertical, big red horizontal, small red horizontal). Distractors were homogeneous within a trial. The distractor elements were identical to the target in the irrelevant dimensions and differed only in the relevant dimension for that trial. Thus, a big red vertical target was paired with big green vertical distractors if color was the relevant dimension and with small red vertical distractors if size was the relevant dimension. Six features with four variants of each yielded 24 target-distractor pairs. Twelve of these are shown in Figure 6 . Each of the pairs was presented 51 times in the mixed condition together with an equal number of targetabsent trials. This yielded 2,448 trials (run in blocks of 408 at a time).
There were six blocked conditions, one for each target. Within a block, each of the four variants of that target was equally likely. For example, the bottom row of Figure 6 shows the four sorts of stimuli that could appear in the blocked horizontal condition. Half of the trials were target absent. Each of the six blocked conditions consisted of 408 trials (4,896 total blocked trials). Set size was randomized across trials within a block. Four set sizes (3, 6, 12, and 18 items) were used in each condition.
Aside from the addition of small targets, the stimuli and field remained the same as in Experiment 1. Ten observers were tested. All had normal or corrected to normal acuity, and all passed the Ishihara plate screen for color vision. All were paid for their time and were naive as to the purpose of the experiment.
Results
Two subjects were removed from the analysis because they had unacceptable error rates (greater than 10% in some conditionscuriously, these were largely false alarms). RTs less than 200 ms and over 2,500 ms were coded as errors. This accounted for 1.5% of the data. None of these manipulations changes the overall pattern of the results. Figure 7 shows the mean RT data for the 8 remaining subjects. For each feature, black bars show the fully mixed data, and gray bars show the blocked data. Blocked RTs average 100 ms faster than mixed RTs. This effect is highly reliable, F(1, 7) ϭ 38.6, p ϭ .004. There is also a main effect of feature type, F(5, 35) ϭ 10.3, p Ͻ .001. This reflects one of the well-known search asymmetries: Figure 6 . A subset of the target-present stimuli for the mixed condition of Experiment 2. Only the vertical distractor cases are shown here. A matching set of horizontal distractor trials was included, as were the appropriate target-absent trials. Filled ϭ green; outline ϭ red.
Big targets are easier to find than are small targets. It also reflects a common finding that color is a particularly effective feature. There is no interaction of feature with the mixed/block manipulation, F(5, 35) ϭ 1.6, p Ͼ .15.
The data in Figure 7 are averaged over set size. There is an effect of set size, F(3, 21) ϭ 10.6, p ϭ .002, but all slopes are very shallow. Average slopes range from 2.6 to 3.7 ms/item. The slopes interact with feature type, F(15, 105) ϭ 3.5, p Ͻ .0001, but not with the mixed/block manipulation, F(3, 21) ϭ 2.5, p ϭ .08. The interaction with feature reflects the fact that the orientation feature searches produce slopes that are slightly but reliably negative. This effect shows up elsewhere in these experiments and is an interesting nugget of information, though it is not particularly germane to the topic of this article. Consequently, we do not consider set size effects further in this discussion.
Error rates are modest. Misses average 2.0% in the blocked condition and 3.8% in the fully mixed condition. False alarms averaged 1.0% in the blocked condition and 2.3% in the fully mixed condition. An analysis of variance (ANOVA) on the misses with mixed/block and feature as variables reveals that the main effects of feature are significant, F(1, 7) ϭ 8.2, p ϭ .024. The effects of feature and of the interaction are not significant. Note that the effect of condition is a speed-accuracy covariance and not a trade-off. That is, fully mixed conditions produce slower RTs and more errors. Errors for each condition are summarized in Table 4 .
In this experiment, it is possible to separate the priming effects of repeated targets from repeated distractors. The design makes it possible to have a constant target feature and changing distractors (e.g., on trial N, the display might contain a big red vertical target among big green vertical distractors, and, on trial N ϩ 1, the display might contain a small red horizontal target among small green horizontal distractors; note that the target remains red). It is also possible to have constant distractors and a changing target (e.g., trial N: big red vertical target among big green vertical distractors; trial N ϩ 1: small green vertical target among big green vertical; the target changes from red to small, whereas distractors remain big green vertical). For other trials, both distractors and target might change, or both might remain the same. One needs to decide how to treat target-absent trials in this analysis. One could assume that a red on trial N would prime for red until a new target type appeared. That is, if trial N had a red target and N ϩ 1 was a target-absent trial, the red target on N ϩ 2 would be treated as an example in which the target remained the same (though this assumption might be incorrect if red distractors appears on trial N ϩ 1). If we use this analysis and ignore target-absent trials, the RTs for trials on which the target was the same as the last target averaged 27 ms faster than RTs for trials on which the target changed, t(7) ϭ 3.4, p ϭ .006. As in Experiment 1, we can restrict analysis to the smaller set of adjacent pairs of same-target trials, where trials N and N ϩ 1 are both target-present trials. In this case, the priming effect averages 32 ms, t(7) ϭ 1.9, p ϭ .048. In contrast, the RT advantage was only 5 ms for target-present trial pairs in which the distractors remained the same, t(7) ϭ 1.0, p ϭ .18. This analysis suggests that the priming due to repetition of targets contributes to the difference between fully mixed and blocked conditions. Experiment 3 examines this point in more detail. As in Experiment 1, note that the 32-ms priming effect is markedly smaller than the full difference between blocked and mixed conditions.
Recall that Found and Muller (1996) argued that it was the repetition of dimension rather than the repetition of features within a dimension that had the greatest effect in their experiments. It is possible to test this hypothesis, as shown in Table 5 , by comparing mean RTs for three types of trials in the fully mixed condition.
Note that the fourth cell of this 2 ϫ 2 set of conditions is dimension change without feature change, which is logically impossible in this experiment. If feature change was not relevant, then the second condition (dimension stays the same) should produce effective priming relative to the first condition (dimension changes). This is not the case. The two mean RTs are identical. It is the third condition (feature and dimension stay the same) that produces priming of 27 ms, t(9) ϭ 3.5, p ϭ .009. This indicates that feature change is important in this experiment. As in Experiment 1, the critical difference between our experiments and those of Found and Muller (1996) is that, in our experiments, a target feature becomes a distractor feature when feature changes.
It is tempting to ask whether uncertainty about three dimensions is worse than uncertainty about two. Experiments 1 and 2 both have blocked and fully mixed data for red and vertical targets. The 
Discussion
In the present experiment, observers could not predict the dimension or the feature within a set of three dimensions. This makes the fully mixed condition of this experiment closer to a pure bottom-up search task than is the fully mixed condition of Experiment 1. Search remains highly efficient, as assessed by the slopes of the RT ϫ Set Size functions. However, it is substantially slowed when compared with the blocked conditions. The difference between mixed and blocked RTs averages 102 ms. This is larger than the 20 -50-ms effects seen in the prior studies of mixed feature and mixed dimension searches. It may be larger than the effect seen in the two-dimensional version of the fully mixed condition in Experiment 2. This points to a large top-down contribution to the speed of response in these simplest of search tasks. At the same time, it suggests that pure bottom-up activation is an adequate basis for efficient visual search.
Experiment 3: Accumulating Top-Down Information Across Trials
In Experiments 1 and 2, there was evidence for priming of target identity from one trial to the next. However, those experiments were not designed to examine these priming effects in detail. That is the purpose of Experiment 3.
Method
In Experiment 3, there were three different versions of the fully mixed condition of Experiment 2. In the target change condition, the distractor was fixed (and homogeneous) for a block of 300 trials, and the targets could vary. The target differed from the distractors by a single feature. Thus, if the distractors were big, red, vertical items, then three target stimuli were possible: small red vertical, big green vertical, and big red horizontal. Note that observers are uncertain only about the dimension in this condition. The probability of a target change was .25 on each trial. Choice of the fixed distractor was random across observers. In the distractor change condition, the target was fixed for an entire block of 300 trials, and the distractors could vary among the four types permitted by the choice of target. Thus, if the target was a unique red item, distractors were always green but could be big or small, vertical or horizontal. On any given trial, distractors were homogeneous. The probability of a distractor change was .25 on each trial. Choice of the fixed target was varied across subjects. In the either change condition, either the target could change from one trial to the next and the distractor was fixed or the distractor could change and the target was fixed. Target and distractor change each occurred with independent probabilities of .125, meaning that both target and distractors could change on the same trial.
When one looks for priming effects in Experiments 1 and 2, targetabsent trials pose a complication. Accordingly, in Experiment 3, the task was changed to eliminate the uninformative absent trials. The method mimics a task used by Maljkovic and Nakayama (1994) . The observer's task was to report on the presence or absence of a white dot on the target. The white dot subtended 0.2°ϫ 0.2°visual angle in the center of the bars. A singleton target was present on all trials. On half of the trials, the target item had a superimposed dot. This is a more demanding task, forcing attention to the target and, perhaps, encouraging observers to move their eyes to the target before responding. RTs are correspondingly longer. Our interest is in the change in RT as a function of the length of runs of the same target or the same distractor. Sample series of trials are shown in Figure 8 .
Ten observers were tested. All had normal or corrected to normal acuity, and all passed the Ishihara color screen. Observers gave informed consent and were paid for their time. Observers were tested for 300 trials in each of the three conditions. Set sizes were 3, 6, 12, and 18. Methods and stimuli were otherwise similar to those of Experiments 1 and 2, except that subjects performed 200 initial practice trials before beginning the task.
Results
RTs greater than 4 s and less than 200 ms were removed from analysis and coded as errors. This removed approximately 1% of the trials. Two observers were removed from analysis because they had high error rates. Errors averaged 5% for the remaining 8 observers. Figure 9 shows the RT ϫ Set Size functions for the three conditions (recall that there are no target-absent trials). The mildly negative slopes are typical of tasks of this sort, in which observers must find a pop-out target and then make some sort of two-alternative forced choice about that target (Bravo & Nakayama, 1992) .
The measure of interest is RT as a function of run length, be that runs of the same target feature or of the same distractor. Only runs up to a length of six were analyzed, because longer runs become relatively scarce in the data. These results, averaged across observers, are plotted in Figure 10 . It is clear from the figure that the length of runs of the same target has more effect than the length of distractor runs. This is born out by analysis of the slopes of the RT ϫ Run Length functions, as shown in Table 6 .
The distractor change condition produces faster responses than the other conditions. This is not surprising, because the target is fixed in that condition, making it essentially the same as a blocked condition in the terms of Experiments 1 and 2. With full information about the target, RTs are fast.
Error rates are low, averaging 4.8% across the three conditions. Could the errors account for the difference between the effects of distractor change and target change? If observers made a significant number of errors early in a run, then the relatively fast distractor RTs for small run lengths could represent a speedaccuracy trade-off. Figure 11 shows error as a function of run length for the different conditions of this experiment.
There is a slight tendency for more errors to occur at the start of a run, F(1, 7) ϭ 2.7, p ϭ .05. However, if anything, target change produces larger error rates, though the reliability of the difference between target change and distractor change error rates is marginal, F(1, 7) ϭ 0.1. There are somewhat more errors when both target and distractors can change than when either targets or distractors are fixed, F(1, 7) ϭ 6.8, p ϭ .034. Nothing in the error data suggests that the weakness of the effect of distractor change on RT is the result of a speed-accuracy tradeoff.
Discussion
Experiment 3 shows top-down information accumulating over the course of several trials. Moreover, it shows that the most effective information being accumulated is information about target identity, not about distractors. The accumulation of information is not complete after five repeated presentations of a target. The distractor change condition provides a sort of baseline, because the target feature remains fixed in that condition. As noted above, it is the equivalent of a blocked condition from the previous experiment. In Figure 10 , note that the RTs from the target change condition decline but do not reach the level of the distractor change condition after five target repetitions. Presumably, the RTs would decline further if we had longer target runs. In Maljkovic and Nakayama's (1994) work, the effects of target identity could be seen over at least eight trials.
Although our results are similar to those of Maljkovic and Nakayama (1994) , there are important differences. First, the present experiment permits variation in three feature dimensions, whereas the previous work was restricted to one. Second, the design of this experiment permits us to disentangle the effects of target and distractors. The finding that target identity is critical is not without precedent. For example, Friedman-Hill and Wolfe (1995) found that observers could guide attention to a subset of stimuli defined by a target attribute but not away from a subset defined by a distractor attribute. On the other hand, other findings (e.g., visual marking; Watson & Humphreys, 1997) indicate an ability to guide attention away from distractors in some circumstances (see also Olds, Cowan, & Jolicoeur, 2000) .
Experiment 4: How Independent Are the Dimensions?
The data from the first three experiments and from previous research are broadly consistent with the notion that information about the likely target dimension and feature can be used to set top-down weights that influence subsequent searches. Experiments 4 and 5 address one question concerning the architecture of these weights: How independent are the dimensions? Feature Integration Theory (FIT; Treisman & Gelade, 1980) and Guided Search (GS; Wolfe, 1994; Wolfe et al., 1989) propose that information is combined into a master map (FIT) or activation map (GS). If this is the case, then noise from one dimension might impair guidance by other dimensions by degrading the quality of this crossdimensional representation. On the other hand, if dimensions re- Note. RT ϭ reaction time. main relatively separate (e.g., Cohen & Shoup, 1997) , then problems in one dimension should be relatively walled off from others.
To explore this issue, we compared fully mixed conditions with easy (red vs. green) and difficult (red vs. orange) color searches.
Method
Experiment 4 uses a variation of the conditions of Experiment 1, adding an easy versus difficult color search manipulation. In the easy fully mixed condition, the target could be red, green, vertical, or horizontal. In the difficult fully mixed condition, the target could be red, orange (CIE: x ϭ .630, y ϭ .645; luminance ϭ 4.71 cd/m 2 ), vertical, or horizontal. In addition, there were blocked conditions for each of the search types: red versus green, red versus orange, orange versus red, green versus red, vertical versus horizontal, and horizontal versus vertical. Note that the vertical and horizontal trials are essentially identical in the easy and difficult fully mixed conditions. They consist of search for a target stimulus that differs by 90°in orientation from all distractor items. All items are the same color. Observers were tested for 300 trials in each blocked condition and for 1,200 trials in each mixed condition. Nine observers were tested. All passed the Ishihara color screen and had better than 20/25 acuity with correction. All gave informed consent and were paid for their time.
Results and Discussion
The easy/difficult manipulation is effective, as can be seen in Figure 12 . This shows the mean RTs from the blocked conditions with color targets. As would be expected, it is harder to find red among orange (and vice versa) than red among green (and vice versa),
This being the case, it is possible to compare RTs in the easy and difficult fully mixed conditions as shown in Figure 13 . There is an obvious effect of the easy/difficult manipulation on the color target trials. The question of interest in this experiment is whether there is an effect of the easy/difficult manipulation on the orientation target trials. The difference between easy and difficult orientation trials is statistically marginal but suggestive of an effect of color difficulty on speed of search for orientation targets, F(1, 8) ϭ 4.6, p ϭ .065. Error rates are very low, averaging 2%. There is no effect of the easy/difficult manipulation on the error rate on orientation trials. Errors are tabulated in Table 7 .
Recall that the orientation trials in the easy and difficult fully mixed conditions are essentially identical in this experiment. They both consist of a field of distractors that are homogeneous in color and orientation. The target, when present, is an orthogonal bar. It seems to take about 80 ms longer to respond to the presence of such a target in pop-out trials when it is mixed in with a difficult color (red vs. orange) than when it is mixed with an easy task (red vs. green). Table 8 shows that the priming effects are similar to the effects seen in other experiments.
An ANOVA was performed with easy versus difficult and priming type as variables. There are significant effects of both variables; easy/difficult: F(1, 8) ϭ 12.6, p ϭ .007; priming: F(2, 16) ϭ 9.9, p ϭ .002. The interaction is not significant, F(2, 16) ϭ 2.5, p ϭ .422. As in previous experiments, there is no difference between the RTs for trials that change the target feature and trials that change both dimension and feature (Scheffe: p ϭ .99).
Why is there a significant difference between priming for the easy and difficult conditions (an average 65-ms priming effect in the difficult condition and a 29-ms effect in the easy condition)? The answer appears to be that the priming effect is a proportion of the difference between mixed and blocked conditions. The 29-ms priming effect in the easy condition represents 40% of the 75-ms difference between the average blocked RT and the mixed RT. The 65-ms priming effect in the easy condition represents 42% of the 154-ms difference in the difficult condition. Experiment 5 is a replication with some variation. Further discussion is deferred until after we present the results of that experiment.
Experiment 5: Effects of Color Difficulty on Orientation and Size Pop-Out
Method
Experiment 5 is a variant of Experiment 4. In this case, the fully mixed conditions involved three dimensions. In the easy fully mixed case, the target could be red, green, vertical, horizontal, big, or small. In the difficult fully mixed condition, the target could be red, orange, vertical, horizontal, big, or small. In the easy condition, distractors were always red or green. In the difficult condition, they were always red or orange. Nine observers were tested for 900 easy mixed trials and 1,800 difficult mixed trials. Mixed conditions were broken into sessions of 300 trials at a time. Subjects were also tested on seven blocks of 300 trials each in which the target did not change from trial to trial (red among orange, orange among red, green among red, vertical among horizontal and vice versa, big among small and vice versa).
The experiment used the task of Experiment 3, in which pop-out targets were present on each trial and the observer's task was to press one key if there was a white dot on the target and another if no dot was present. Methods were otherwise similar to previous experiments. Figure 14 shows the mean RTs for all of the target types in the blocked, easy mixed, and difficult mixed conditions of Experiment 5.
Results and Discussion
As can be seen in the top two bars of Figure 14 , the blocked data again show that the manipulation of the difficulty of color search was effective. Red-orange searches are harder than red-green. Moreover, the mixed conditions are slower than the blocked. Figure 15 shows RT ϫ Set Size functions for easy and difficult fully mixed conditions. Data are plotted for color targets and for noncolor (big, small, vertical, and horizontal) targets. The results look very similar to those in Experiment 4, although, in Experiment 5, the RT ϫ Set Size functions have negative slopes (cf. Experiment 3 as well as Majlkovic & Nakayama, 1994) . The effect on search for noncolor targets due to the difficulty of color search is comparable to that in Experiment 4, F(1, 8) ϭ 5.3, p ϭ .05. If different target types are analyzed separately, the easy/difficult manipulation makes a clearly significant difference for vertical targets ( p ϭ .007). Results for big targets are marginal ( p ϭ .05), whereas results for small and horizontal fail to reach statistical significance ( p Ͼ .05). Error rates are shown in Table 9 .
The mixed error rates are greater than the blocked error rates, t(8) ϭ 3.1, p ϭ .014, for the easy condition, and t(8) ϭ 8.0, p Ͻ .0001, for the difficult. Easy and difficult mixed error rates are not significantly different, t(8) ϭ 1.8, p ϭ .12.
Priming data are shown in Table 10 and follow a fairly familiar pattern. There is a significant effect of priming, F(2, 16) ϭ 12.1, p ϭ .006. Even though the priming effects are larger in the difficult condition, this difference is not statistically reliable in this case ,  F(1, 8) ϭ 3.3, p ϭ .11 . There is the odd finding that, especially in the difficult condition, RTs are slower when just the feature changes than they are when both feature and dimension change. On closer examination, this proves to be due to responses to targets defined by size. A change from big to small or vice versa slows RT more than does a change from big to red or small to vertical. The reason for this effect is unclear. Beyond this oddity, the results resemble those from the other experiments.
General Discussion
Taken together, the results of Experiment 4 and 5 indicate that making search harder and slower in one dimension has the effect of slowing search in other dimensions. Although each experiment, by itself, produces results on the edge of the magical .05 significance level, having two separate experiments produce the same results reduces the chance of a spurious effect of the easy/difficult color manipulation on noncolor search trials. This pattern of results helps to constrain models of the control of top-down guidance in these simple feature searches.
The first requirement for any such model is that it explain why different, efficient feature searches have different mean RTs at all. In the simplest versions of GS, feature searches are held to be efficient (defined as producing RT ϫ Set Size slopes near zero) because the target is the first object of attention on every trial. Set size has no effect because distractors need never be attended. FIT would make similar statements, though perhaps without the requirement that attention be deployed to the pop-out target at all (see also Nakayama, 1990) . Such accounts make no provision for a situation in which tasks with similar, near-zero slopes have markedly different mean RTs.
One solution to this dilemma is to propose that RT is not based simply on the rank order position of the target on a list of the salience or activation of items. Instead, the RT might be based on the salience of the difference between the target and distractors. As a number of visual search researchers have suggested, feature searches in particular can be considered to be examples of signal detection problems (Eckstein, Thomas, Palmer, & Shimozaki, 1996; Geisler & Chou, 1995; Graham, Kramer, & Haber, 1985; Kinchla, 1977; Lu & Dosher, 1998; Palmer, 1995) . All items have some top-down and bottom-up activation relative to the background. The activation of the nontarget items constitutes distracting noise. The activation of the target is the signal. Different sorts of visual search tasks can be placed on a continuum based on S/N ratio. Note that this S/N ratio is not a measure of an item's detectability but a hypothetical measure of the size of the signal guiding attention to the target among its distractors.
Consider three situations described in earlier accounts of guided search (Wolfe, 1994) . Note. RT ϭ reaction time.
1. If S/N ϭ 1, then there is no guidance of attention. All items are equivalent. To find the target, the individual must deploy attention at random until the target is found (Horowitz & Wolfe, 1998 , 2001a , 2001b Kwak, Dagenbach, & Egeth, 1991; Woodman & Luck, 1999) .
2. If S/N is somewhat greater than 1, then attention is guided toward the target. However, if the signal and noise distributions overlap significantly, the guidance is imperfect, because attention could sometimes be directed to a distractor. The slope of the RT ϫ Set Size function is proportional to the overlap between the signal and noise distributions (Wolfe, 1994) . Another way of putting this is to note that if S/N is only somewhat greater than 1, the target is not always the item of highest activation.
3. If S/N is much greater than 1, then there is negligible overlap between the signal and noise distributions. In this case, the target is almost always the item of highest activation, and attention is almost always deployed to the target first.
The results of the experiments in this article (and of other, similar feature search experiments) can be understood as further refinements of Situation 3. Specifically, we assume that the RT for these pop-out searches is a function of the S/N ratio. The larger the S/N ratio is, the faster information can accumulate (e.g., Carrasco & McElree, 2001 ). The faster it accumulates, the faster a decision can be made about the identity of the item and the shorter the RT is. Within the domain of efficient pop-out searches, factors that increase the signal or decrease the noise speed overall RT without changing slope.
In Experiments 4 and 5, it is easy to understand why the red versus orange searches are slower than the red versus green searches: The signal is smaller. The interesting result is that the other, noncolor searches are also slowed in the mixed conditions. This can be seen as the consequence of an increase in the noise, illustrated in cartoon form in the middle and bottom panels of Figure 16 . Top-down processes act to set weights to optimize the S/N ratio. In the easy fully mixed condition, all features are comparable, so all receive roughly equal weight (Figure 16, middle) . This slows mixed RT relative to the blocked condition (Figure 16, top) because it is not possible to place all (or most) of one's weight in one dimension in the mixed condition. When the color task is made more difficult, as in the difficult mixed conditions of Experiments 4 and 5, the gain on the signals from preattentive color processes must be increased. This amplifies the weak orange target signal among the red distractor on color trials, making efficient search possible. Unfortunately, the amplified signals from the color processes become mere noise when the target is vertical or big. Thus, increasing the weight for color could increase the RT for orientation and/or size targets because more noise was admitted from the color processes (Figure 16, bottom) .
A similar account can be applied more generally to the RT differences between blocked and mixed conditions in all of the experiments reported here. If the target is always red, then all other weights can be set to zero. (Perhaps they are set to something near zero, as evidence from attentional capture experiments suggests that it may not be possible to set weights to zero. This is reviewed in Wolfe, 1994.) If targets change unpredictably from one target type to another, then weights for several features/dimensions must be set well above zero. On trials in which one feature defines the target, the other features supply only noise to the activation map, slowing RT.
In this scheme, trial-by-trial adjustments of weights are the basis for the trial-by-trial priming effects seen here most clearly in Experiment 3. Thus, Figure 16 -bottom could represent the situation of an orientation target trial following on the heels of several color target trials. Color weights have been increased, so response to another color target is faster. Response to an orientation target is slowed because the color processes inject heavily weighted noise into the activation map.
The negative slopes, seen most clearly in Experiments 3 and 5, may show a bottom-up contribution to the S/N ratio. If, as proposed in guided search, bottom-up activation is based on comparisons of each item with its neighbors, then bottom-up activation should be larger when displays are denser. In most search experiments, density covaries with set size, so, at higher set sizes, one has more near neighbors, more bottom-up activation, and, all else being equal, a larger S/N ratio.
What Is the Relationship Between Priming and Top-Down Guidance?
In this article, we have argued for a modification of the usual notions of top-down control of attention. Top-down has been Note. RT ϭ reaction time. Figure 16 . In a blocked orientation condition (top panel), as much weight as possible is placed on orientation, allowing a strong signal to guide attention. In a fully mixed condition (middle panel), all features have some weight. As a result, when the target is an orientation singleton, noise from color and size slows response. In a fully mixed condition with hard color features (bottom panel), more weight (on average) is given to color. As a result, when the target is an orientation singleton, extra noise from color further slows response. Orient. ϭ orientation.
generally used to refer to the effects of explicit instructions given to the observer (or generated by the observer)-for example, "Look for the big red thing." Bottom-up has been used to refer to more automatic processes, such as the capture of attention by salient singletons. However, if we define top-down as guidance of attention by the observer's knowledge and bottom-up as guidance of attention by the properties of the stimulus, largely independent of that knowledge, then the taxonomy changes. Explicit instruction is clearly top-down, but so is implicit knowledge (whether reliable or not). Stimulus identity priming of the sort seen here can be viewed as the embodiment of the expectation that what happened before will happen again and of the reasonable desire to tune sensory systems to the prevailing conditions. If targets have been red, perhaps one would do well to set weights to make it easy to detect red. Chun and Jiang's (1998) contextual cuing effect is the same principle in geometric space rather than in the space of stimulus features. If targets in Scene A have been at Location X, perhaps one would do well to attend to X the next time Scene A appears.
Experiment 6: Is Priming a Form of Top-Down Guidance?
Is the priming that is found in these experiments really a form of guidance? One alternative is that it is simply a form of response priming. Observers are faster to do what they have just been doing. Some versions of a response priming argument are nearly the same as the guidance argument that we are making here. Recall that we are arguing that, even in highly efficient search tasks, RTs are shorter when signals are stronger because information about the strong stimulus can accumulate more quickly. That could be conceived of as the result of faster or more effective deployment of attention to the target, or it could labeled as priming of a later decision stage. One could also propose that some of the priming effects were still later, at a response selection or execution stage. One way to determine whether the priming effects seen in search have something to do with search per se is to eliminate the search. Thus, in a two-part control experiment, we looked for priming effects using the stimuli of the previous experiments but presented only a single stimulus on each trial. Observers still needed to make a decision, but they did not need to search.
Method
Two versions of the task were run. In the sorting version, observers saw one of six stimuli on each trial. If the stimulus was red, big, or vertical, they responded by pressing the right-hand key. If the stimulus was green, small, or horizontal, they pressed the left. Stimuli were neutral on the irrelevant dimensions. Thus, a red stimulus was medium in size and square. A vertical stimulus was medium and white, and so forth. This mixed sorting task was not identical to the mixed condition of Experiments 1, 2, and 4. One cannot do pop-out search with a set size of one. However, the target-defining features changed in the same manner as they did in the mixed condition. It is clear that observers do not need to search. They merely need to select and execute the appropriate response. Observers were also tested on three blocked sorting conditions. In these, the dimension remained the same over a block of trials. Thus, in the color block, observers responded to red with the right hand and green with the left. There were also orientation and size blocks.
The red and green squares subtended 2.3°ϫ 2.3°, the horizontal and vertical bars subtended 3.5°length ϫ 0.4°width, the small white squares subtended 1.2°ϫ 1.2°, and the large white squares subtended 3.5°ϫ 3.5°. All items were presented at fixation.
In the dot version, the same stimuli appeared with or without a yellow dot. In this case, as in Experiments 3 and 5, the identity of the feature defining the target is irrelevant. All that is important for response is the presence or absence of the dot. This condition is the set-size-one version of Experiments 3 and 5. In this case, the experimental design is comparable to the earlier experiments.
Twelve observers were tested for 30 practice and 300 experimental trials in the mixed conditions and 10 practice and 100 experimental trials in the blocked conditions.
Results and Discussion
Sorting version. Figure 17 shows the mean RT data for the sorting version of Experiment 6. When we look first at the blocked RTs compared with the mixed RTs, it is clear that the mixed condition produces elevated RTs. The average difference of 114 ms is highly significant, t(11) ϭ 11.1, p Ͻ .0001. Error rates are 3% in the blocked conditions and 4% in the mixed. The different RTs within the mixed and blocked conditions represent the various possibilities for priming. In the blocked case, when the feature changes, the hand of response also changes. Dimension never changes. The 15-ms difference is small but reliable, t(11) ϭ 2.7, p ϭ .02. In the mixed condition, several pairwise comparisons are of interest. If the dimension and feature change, it is possible to have observers change hands (e.g., red 3 small) or not (e.g., red 3 big). The 3-ms effect of pure hand change is not significant, t(11) ϭ 0.4, p ϭ .67. The effects of changing dimension are significant with or without a hand change, t(11) Ͼ 4.5, p Ͻ .01, in each case. The effect of changing feature without changing dimension is also reliable, t(11) ϭ 5.6, p ϭ .002. Note that a feature change of this sort is always accompanied by a hand change.
The results of the sorting experiment confirm that it is possible to obtain very substantial effects of feature and dimensional uncertainty without the need for an overt search. Switching response from one hand to the other does not seem to impose much of a cost. The costs in this experiment could result from the costs of response selection (e.g., "The target is red. Now, which hand do I use?"), or it could be that observers are faster to identify item N as red if item N Ϫ 1 was red. This second possibility is consistent with the account of the effects in pop-out search given above. On the other hand, the first account might be used to argue that the difference between blocked and mixed search results is also due to some sort of response selection (though note that observers make the same response to all pop-out stimuli in Experiments 1, 2, and 4). The dot version of Experiment 6 clarifies matters.
Dot version. The difference between the mixed and block conditions of the dot version of Experiment 6 is just 12 ms. It is not reliable, t(11) ϭ 2.1, p ϭ .06. Within the mixed conditions, the priming effects are similarly small. The effect of changing the feature while holding the dimension the same is just 3 ms, t(11) ϭ 1.2, p ϭ .24. The effect of changing dimension is 15 ms, t(11) ϭ 2.2, p ϭ .048 -not corrected for multiple comparison.
On the face of it, this lack of an effect of feature or dimension may not be surprising. The observers' task was to respond to the presence or absence of a dot. The red, green, big, small, vertical, or horizontal status of the item was irrelevant. However, recall that those features were just as irrelevant in the easy version of Experiment 5 (the most direct comparison condition). All the observers needed to do was to respond to the presence or absence of a salient singleton. Nevertheless, in that experiment, the difference between comparable mixed and blocked RTs was 226 ms, and the priming effects within the mixed condition were 63-70 ms. The only substantive difference between Experiment 5 and the dot version of Experiment 6 is that Experiment 5 required that observers deploy attention to the singleton. Therefore, we can conclude that the feature and dimensional status of that singleton and the history of prior trials had an effect on the deployment and not merely on the selection of a response.
To summarize the results of Experiment 6, the sorting version shows that it is possible to produce large priming and stimulus uncertainty effects in a task without a search component. It is plausible but not necessary to attribute these effects to response selection. However, the dot version of the experiment essentially eliminates priming and uncertainty effects. It follows that the large priming and uncertainty effects seen in the dot versions of the search task can be attributed to effects on the deployment of attention and/or the identification of the singleton item as a target. This bolsters the argument that there is a substantial top-down component to even the simplest of feature searches.
Is All Top-Down Guidance the Product of Implicit Priming?
We have argued that priming can be seen as a form of implicit top-down guidance. Might it be the entirety of top-down guidance, or is it necessary to propose the existence of explicit top-down guidance as well (see Kristjansson et al., 2002) ? In recent work, we have asked observers to perform search tasks in which they are informed about the nature of the target prior to each trial. Thus, in one version, all items are different conjunctions of color, size, and orientation. Observers might be told to search for big and red on one trial and for blue and vertical on the next. We have clear effects of abstract cues (e.g., word cues). This is unsurprising. If one is told to look for a cat, one does not need to have seen the cat on the previous trial to perform the task. This is explicit, top-down guidance. We also find that this explicit top-down guidance is less effective than the guidance provided by a picture of the stimuluseven for very well-learned stimuli. We believe that the added benefit arises from the implicit priming produced by seeing the physical stimulus (Hyle et al., 2002) . The same added benefit is seen when the word cue is repeated on a second trial. We can presume that the first trial now primes the second. Thus, it seems reasonable to suppose that top-down guidance is not unitary. Whether top-down feature guidance (explicit and implicit) is meaningfully separate from spatial guidance (explicit-endogenous cuing-and implicit -contextual cuing) remains to be seen.
In summary, the six experiments presented here show clear contributions of both top-down and bottom-up processes to the most basic of visual searches. Experiments 1 and 2 introduce a variation on basic feature search in which observers are uncertain about both the target's dimension and its feature within the dimension. Moreover, a target feature can become a distractor feature on subsequent trials. The results from the two experiments indicate that there is a cost to this reduction of the top-down information about a target's identity. The mixed conditions have slower mean RTs than do the blocked conditions. However, search efficiency remained high, showing that bottom-up information can support efficient search.
It was known that one trial can prime the next in visual search if the previous and subsequent trials repeat the same targets and distractors. Experiment 3 shows that repetition of target attribute is the primary contributor to this priming. Distractor attributes have little, if any, effect.
Experiments 4 and 5 explore a different consequence of the manipulation of the relative weights of different sources of information. In these experiments, use of a difficult color search causes more weight to be placed on the output of color processes. When the target is a color singleton, this increased gain permits efficient search for a less distinct target. However, when the target lies in another dimension, the heavily weighted color processes add noise that slows response. Finally, Experiment 6 rules out the possibility that the top-down effects are entirely due to response selection or to some other process unrelated to the deployment of attention.
